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E INFO ABSTRACT 
tings 
gs 
Coatings formulated with either SrCr04 or a mixture of CnVI)-free pigments were compared in an 
impedance study. ln addition to classic.al EIS measurements carried out in the metal/coating/electrolyte 
configuration, the study involved measurement of the impedance of the coatings in the dry state, both 
before exposure to the electrolyte (0.5 M NaCI solution) and after a 1-month exposure followed by a 
12-month drying. The results were analysed with reference to models that assumed resistivity varia­
tions along the coating thickness. The resistivity-position dependence was close to a power law for dry
coatings and close to exponential for wet coatings. ln the latter, and for short immersion times, the expo­
nential variation was located in the outer coating region, at shorter distances from the coating/solution
interface, and then, for longer immersion times (> 1 week). extended to the whole coating thickness. The 
effect of SrCr04 leaching on the properties of the coating is discussed. For both coatings, the barrier effect
remained high for a 1-month exposure.
ance 
M20
sion 
, afte
ont
20
ang
re to
s, he
r bo
 stu
ing th
s in
C, w
ounction 
ronautic industry, an important challenge today is to 
w efficient coatings with the replacement of hexava­
um, as inhibitive pigment, due to future environment 
The corrosion protection performance of chromate-free 
s to be compared to chromated systems. which consti­
ference". ln the present paper, a comparison is provided 
edance behaviour of two waterborne coatings with 
gments in their formulation. One of them (henceforth 
) contained SrCrO4• Most results obtained with CC were 
cribed in reference (1 ). and are recalled in the present 
r the sake of comparison. The other coating (henceforth 
C) contained a mixture of pigments, replacing SrCr04, 
ibed here for the first time. Following the same method­
imped
in the 
immer
Finally
ca.12 m
in the M
nent ch
exposu
sample
paper fo
This
analys
ference
and NC
the amibed in [ 1 ), the impedance of each coating was measured 
ry conditions. i.e. by contacting the outer coating face 
ry, obtaining an M2024/coating/Hg system, to assess 
 and resistivity of the as-prepared coating. Tuen, the 
ding author. 
ress: Nadine.Pebere@ensiacet.fr(N. Pébère). 
rg/ 10.1 Ol 6/j.corsci.2016.03.030  
by UV-vis s
solution. 
2. Experim
The coat
tocol are prwas measured under the ordinary wet conditions, i.e.
24/coating/solution configuration, as a function of the 
time in 0.5 M Na Cl solution, for a duration up to 1 month. 
r leaving the previously exposed samples to dry during 
hs in air, the coating impedance was measured again 
24/coating/Hg configuration, to assess possible perma­
es in the coating properties, induced by the prolonged 
 the NaCI solution. The results relevant to these dried 
nceforth called "aged", are originally presented in this 
th NCC and CC coatings. 
dy was focussed on the use of different models for 
e impedance data. The analyses highlighted major dif­
 the time dependence of the barrier properties of CC 
hich were ascribed to chromate leaching. Therefore, 
t of chromate released from the CC was determined 
pectroscopy for various exposure times to 0.5 M NaCI ental 
ing samples used and the impedance measurement pro­
esented in this section. 
1:1 NCC - as-prepared 
0 NCC- aged 
-Nec - as-prepared - fitting 
- •NCC- aged -fitting 
f / Hz 
88 
a> 86
�
g' 84
"C
<:t> 82 
1 
80 
r'W'Ul¾•w=ii, 
0 , 
(b} 
a NCC - as-prepared 
0 NCC-aged 
-NCC - as-prepared - frtting 
- • NCC - aged - fitting 
fi Hz 
Fig. t. The impedance modulus (a) and phase angle (b) obtained for the dry as-prepared and aged NCC coating(18 µ.m thick). The experimental data are compared with the 
regression result with the power-law model according to Eq. (1 ). 
109 
108 
N 
107 
C: 106 ---
N 105 
104 
103 
(a) 
10° 101 102 
Cl CC - as-prepared 
0 CC- aged 
-Power-law model 
88 
a> 86 
� 
g' 84 
� 
82
80 
101 
gr tlil■■■■n II tttrt d'b
102 
ai CC - as-prepared 
0 CC- aged 
-Power-law modal 
103 104 105 
Fig. 2. The im ged C
sample (■) are 1 ). 
2.1. The coa
Both CC
paint, man
polyaminoa
polymer as
silica (1 wt.
pigment, w
of zinc oxid
deposited o
position in w
0.56; Si: 0.0
imens consi
a rolled plat
(pH= 9) for 
in an acid b
water. The 
at 60 °C, the
2.2. Electro
A two-e
of the imp
was fixed o
of 5.94 cm2
to create ele
 Sola
ric In
o-pea
from
elect
nal 
nce 
Hz w
edan
coati
al thr
be o
lutio
. An 
de, r
re th
g fro
pote
 30 m
ept 
cadefi Hz 
pedance modulus (a) and phase angle (b) obtained for the dry as-prepared and a
 compared with the regression result with the power-law model according to Eq. (
ting samples 
 and NCC consisted of a two-component water-based 
ufactured by Mapaero SAS, Pamiers, France, using a 
mide (Versamid® type) as base and a bisphenol A epoxy 
 hardener, titanium oxide ( 12 wt.%), talc ( 11 wt.%) and 
%). In the CC, SrCrO4 (16 wt.%) was added as inhibitive 
hereas in the NCC, SrCr04 was replaced by a mixture 
e and a phosphosilicate (10 wt.%). The coatings were 
nto 2024 T3 aluminium alloy plates. The chemical com­
eight percent of the alloy was: Cu: 4.90; Mg: 1.31; Mn: 
8; Fe: 0.26; Zn: 0.10; Ti: 0.01 and Al to balance. The spec­
sted of125 mm x 80 mm x 1 mm plates machined from 
e. Before painting, the samples were degreased at 60 °C 
15 min, rinsed twice with distilled water, then etched 
ath at 52 °c for 10 min, and rinsed again with distilled 
liquid paints were applied by air spraying. After curing 
 coatings were 18-22 µm thick. 
cllemica/ impedance measurements 
using a
Dielect
peak-t
wards 
this di
the sig
impeda
than 1 
Imp
metal/
classic
iglas tu
NaCI so
sample
electro
measu
rangin
under 
with a
was sw
per delectrode configuration was used in the measurement 
edance of dry coatings. A cylindrical Plexiglass tube 
n top of the coated sample, exposing a surface area 
, and filled with Hg into which a Cu wire was dipped 
ctrical contact. Impedance measurements, carried out 
relations. 
A non-co
was used fo
and wet coa
consisting ofi Hz 
C coating (21 µ.m thick). The experimental data for the as-prepared 
rtron 1255 Frequency Response Analyzer and a 1296 
terface, were obtained with a 0 V de bias and a 100 mV 
k sinusoidal perturbation. Frequency was swept down­
 105 Hz to 1 Hz. recording 10 points per decade. For 
ric measurement (AA2024/coating/Hg configuration). 
to noise ratio worsened below 1 Hz due to the high 
to be measured (> 1 G'2). Therefore, frequencies lower 
ere not investigated in the experiments. 
ce measurements in the conventional 
ng/electrolyte configuration were performed in a 
ee-electrode cell, realized by fixing a cylindrical Plex­
n top of the coated sample, and filled with a 0.5 M 
n. The working electrode was a 24cm2 portion of the 
SCE and a Pt sheet were used as reference and counter 
espectively. A Biologie VSP apparatus was used to 
e impedance of the coated samples, for exposure times 
m 2 h to ca. 1 month. Measurements were performed 
ntiostatic conditions. at the open-circuit potential, 
V peak-to-peak sinusoidal perturbation. Frequency 
downwards from 105 Hz to 0.1 Hz, recording 8 points 
. Ali data were found to satisfy the Kramers-Kronig mmercial software developed at the LISE CNRS, Paris, 
r analysing the impedance data relevant to both dry 
tings. The LISE CNRS software allows the use of models 
f combinations of passive circuit elements and analyti-
c
m
t
v
t
u
Z
w
m
c
m
i
g
t
w
a
w

a
ı
i
T
c
i
S
2
a
P
1
c
a
c
T
U
c
m
3
3
a
t
C
a
a
w
t
s
c
Table 1
Best-ﬁtted values of the adjustable parameters in Eq. (2) obtained by regressing the
power-law model to experimental data for the dry as-prepared coating.
Sample  εc c( cm) ı( cm)
NCCAs-prepared 0.981 6.1 5.8×1012 4.0×1011
NCC Aged 0.981 7.3 3.3×1012 1.0×109
CC As-prepared 0.987 4.9 1.0×1013 1.1×1012
CC Ageda nd nd nd nd
a The power-law model did not provide a good ﬁt for the aged CC sample. There-
fore, best ﬁtted parameters were not determined (nd).al expressions, and the assessment of the best ﬁtted values of the
odel parameters, but does not provide conﬁdence intervals for
hem.
To model the dry as-prepared coatings, exhibiting impedances
ery close to aCPEbehaviour, and todetermine their physical quan-
ities, the power-law model was regressed to the impedance data,
sing the following formula [2]
(ω) = g ı
(1−˛)
ı
(−1c + jωεcε0)
˛ (1)
here, εc ,c andı are adjustableparameters,with the following
eaning:  CPE exponent, εc permittivity of the dry as-prepared
oating, c and ı, resistivity of the dry as-prepared coating at the
etal/coating and coating/Hg interfaces, respectively. The numer-
cal coefﬁcient g, given as
= 1 + 2.88(1 − ˛)2.375
ends to unity when  approaches unity [2]. Resistivity proﬁles
ere calculated from the best-ﬁtted numerical values of these
djustable parameters, according to Eq. (2):

ı
=
[
ı
c
+
(
1 − ı
c
)

]−1
(2)
here the power-law exponent  is given by
= 1
1 − ˛ (3)
nd  = x/ı is the dimensionless position along the coating thickness
, measured from the metal/coating interface.
The power-law model was previously used in the analysis of the
mpedance of hybrid sol-gel coatings under wet conditions [3,4].
hose coatingswere signiﬁcantly less protective than the industrial
oatings described in this paper. The model used for analysing the
mpedances obtained under wet conditions will be described in
ection 3.3.
.3. Chromate leaching experiments and UV–vis analysis
The leaching experiments were performed in similar conditions
s those used for the electrochemical measurements. A cylindrical
lexiglas tube was ﬁxed on top of the CC sample and ﬁlled with
00mL of a 0.5M NaCl solution. 5mL of the solution were periodi-
ally removed and just after 5mL of a new 0.5M NaCl solution was
dded to maintain a constant volume at 100mL. The tests were
arried out for exposure times ranging from 2h to ca 1 month.
he concentrations of released chromate ions were determined by
V–vis spectroscopy using a Shimadzu UV 1800 at =371nm. A
alibration curve was built by analysing standard strontium chro-
ate solutions. Dilution effects were taken into account.
. Results and discussion
.1. Impedance of NCC and CC under dry conditions: inﬂuence of
geing
Figs. 1 and 2 show the impedance measured under dry condi-
ions (i.e. in the AA2024/coating/Hg conﬁguration) for the NCC and
C, respectively. For each system, the samples were characterized
s-prepared, before immersion in the 0.5M NaCl solution and after
geing, i.e. after immersion in the electrolyte during 1000h, rinsing
ith deionized water and drying during 12 months, in air, at roomemperature. These ﬁgures clearly show that ageing caused much
tronger changes for CC than for NCC.
For both as-prepared NCC and CC samples, the impedance was
lose, but not identical, to that of an ideal capacitor. Owing to theFig. 3. Resistivity vs. dimensionless position (=x/) along the coating thickness
calculated according to Eq. (2) for the dry as-prepared NCC and CC coatings.
quasi-constancy of the phase angle over a ﬁve-decade frequency
range, the experimental results were analysed with respect to the
power-law model corresponding to a strict constant-phase ele-
ment (CPE) behaviour [2]. For the as-prepared samples, the best
ﬁtted curves, shown as continuous lines in Figs. 1 and 2 provide
a good agreement between model and data. Table 1 reports the
best ﬁtted numerical values of the adjustable parameters , εc , c
and ı, for both coatings. These values were used to calculate the
resistivity proﬁles of the dry as-prepared coatings, shown in Fig. 3,
which show constant values (about twice larger for CC than for
NCC) throughout most of the coating thickness, and a resistivity
decrease (about one order of magnitude) in proximity of the coat-
ing/Hg interface, affectingaboutone tenthof thecoatings thickness.
Corﬁas et al. [5] and Le Pen et al. [6] showed by thermostimu-
lated current measurements on polyurethane-based or on epoxy
waterborne coatings that chromates interacted with the binder,
due to their high polarity, creating strong electrostatic interactions.
These interactions stabilized the structure and enhanced the tex-
turation of the coatings, decreasing the molecular mobility of the
polar groups. The modiﬁcation of the coating microstructure was
not observed with neutral ﬁllers [6]. Thus, the difference in the
resistivity proﬁles of CC andNCCobserved in Fig. 3 can be explained
by thepresence/absenceof chromates.Asa consequence, this struc-
turation might be responsible for a global increase of the barrier
properties (decrease of the diffusion rate of the electrolyte through
the coating) of CC and thus, the barrier properties of the two coat-
ings are expected to be different during exposure to a 0.5M NaCl
solution.
Table 1 shows that as-prepared CC and NCC had different per-
mittivity value εc, ca. 20% lower for CC than for NCC, possibly due
to the different chemical nature of the inorganic pigments (which
accounted for 16% and 10% of the coating weight, respectively).After ageing, the impedance of the NCC was qualitatively sim-
ilar to that of the as-prepared sample, though with a decrease in
modulus, and still very close to a CPE behaviour, suggesting that
the physical properties of this coating were little affected by the
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equivalent circuit, the impedance model does not comprise only
passive elements because ZY is the so-called Young impedance.4 cm2 CC sample in contact with a 0.5M NaCl solution.
rolonged immersion in NaCl solution, once the NCC was allowed
o dry. The best ﬁtted curves obtained by analysing the data with
espect to the power-law model are shown as dotted red lines
n Fig. 1, and the best ﬁtted numerical values of the adjustable
arameters are reported in Table 1. The c value of the NCC was
oughly halved after ageing, while the ı value decreased more
igniﬁcantly. The permittivity εc was higher for the aged than for
he as-prepared NCC, which suggests that some water remained
rapped in the coating (incomplete drying).
The impedance of the CC underwent profound alteration upon
geing, proving that its properties were severely and irreversibly
ffected by immersion in NaCl solution, most probably due to
xtensive dissolution of SrCrO4. A greying of the part of the sample
n contact with the electrolyte was observed which corroborates
he releaseof chromates fromthecoating. Lossof part of this chemi-
al, initiallypresent in a16wt.% amount in the coating, probably left
oids in the polymer matrix, which were ﬁlled by the electrolytic
olution during immersion. Although most water was removed
uring drying, some conductive phase may have remained within
he aged CC, causing amarked departure from the CPE behaviour of
he as-prepared CC and an impedance decrease more evident than
or NCC. The aged-CC impedance could not be analysed using the
ower-law model. However, it is obvious, from the comparison of
he impedancedata shown in Fig. 2 that theparameters determined
or the as-prepared CC (Table 1) were modiﬁed during immersion
n the electrolyte.
To quantify the release of chromates, the 0.5M NaCl solution in
ontact with the CC sample was analysed by UV–vis spectroscopy,
fter various exposure times. The data are plotted in Fig. 4 as a func-
ion of the square root of time. A linear dependence is observed
etween 6 and 500h indicating that the release of chromate was
ainly controlled by the inhibitor diffusion within the coating. The
xtrapolation of the straight line to t =0 would suggest the ini-
ial concentration of chromates in the solution to be ca. 8g cm−2,
hile it was actually zero. This result can be explained by a rapid
issolution of the chromates which were close to the outer sur-
ace of the coating. For the longest immersion times (t > 500h),
he release of chromates slowed and the chromate concentra-
ion approached a plateau. The strontium chromate released at
he end of the experiment was 4–5wt.% of its initial value, i.e.
.64–0.80wt.% of the coating mass. Several workers [7–13] inves-
igated the chromate release from polymer matrices and reported
hat Cr release was high at the very beginning of immersion (some
inutes) and slowed down as the immersion time increased. Ouresults agree with these previous ﬁndings. The leaching rate was
trongly affected by the binder properties and, to a minor extent,Fig. 5. Corrosion potential (Ecorr ) as a function of immersion time in 0.5M NaCl for
the AA2024 samples protected by NCC and CC.
by the solution composition (pH, chloride content), and the tem-
perature [7–11].
3.2. Behaviour of CC and NCC under wet conditions
Fig. 5 illustrates the variation of the open-circuit or free-
corrosion potential (Ecorr) in a 0.5M NaCl solution for the NCC and
CC coatings. For both samples, a well-deﬁned Ecorr value became
measurable after ca. 2h immersion, indicating that water reached
the metal surface. Ecorr increased signiﬁcantly during the ﬁrst
24h of immersion (shift towards less negative values) and then
moved in the opposite direction. For 2h immersion, the Ecorr value
(−0.55V/SCE) was roughly that of bare AA2024 in aqueous solu-
tion of low conductivity. Ecorr was more negative for CC than for
NCC at all immersion times. On the basis of what is known on the
action of chromates in solution [14–20] or in protective coatings
[21,22], the result can be explained by the action of chromates
at the metal/coating interface. The chromates inhibit both partial
reactions of the corrosion process. Since the cathodic reaction (oxy-
gen reduction mainly on the intermetallic particles) is that more
strongly affected, Ecorr is more negative in the presence than in the
absence of chromates.
Fig. 6 compares the evolution of the impedance diagrams of
the NCC and CC coatings, measured at the open circuit poten-
tial (Ecorr), for three immersion times in a NaCl 0.5M solution.
For 10h of immersion, the impedance modulus was almost iden-
tical for the two coatings and only a slight difference could
be seen in the phase angle plots. Then, during the ﬁrst week,
the impedance modulus progressively decreased with immersion
time. For the NCC, the impedance modulus stabilized between
1-week and 1-month immersions (the relevant plots almost per-
fectly overlapped). Instead, for the CC, the impedance modulus
kept diminishing with immersion time. For both coatings, the
phase angles becamemore strongly frequency dependent at longer
immersion times. No well-deﬁned CPE behaviour was observed,
under wet conditions, in any frequency range.
3.3. Quantitative analysis of the impedance data for the coatings
in wet conditions
Fig. 7 shows the model employed in the analysis of the
impedance under wet conditions. Although it is presented as anThe basic concepts underlying the Young model were explained
in [1] and are brieﬂy recalled here. In the most general case, the
1010 
109 
N 108 
C 101 -
-106 N 
105 
104 
(a) 
103 
10·1 
90 
80 
70 
(1) 60 
� 
0>50 (1) 
"'O 
-40 
1 
30
20
I 
10
10·1 
10° 
100 101 
102 
f / Hz 
102 
f / Hz 
a CC -10 h 
• CC -1 week 
"' CC -1 month 
a NCC -10h 
o NCC -1 week
1::,, NCC - 1 month
a CC-10 h 
• CC-1 week
"' CC-1 month 
a NCC-10h
o NCC-1 week
1::,, NCC -1 month 
104 
Fig. 6. Impedance response in Bode format for the M2024 coated samples (NCC and 
CC) obtained after 10 h, a week and a month immersion in 0.5 M NaCI. The dashed 
Unes are the best fitted eu ives calculated according to Eq. ( 4 ). 
Metal p = Pc Young Solution 
d 
ô 
Fig. 7. Schematic representation of the two-layer mode 1. The coating is assumed to 
consist of an inner layer with uniform resistivity p= Pc and an outer layer with 
the parallel combination between a resistance of pore and a part which has an 
exponential dependence of resistivity on position. 
coating was
thickness d
e independ
lei F-,l!Ct co
dry as-prep
penetration
resistivity p
electrolytic
Assuming, 
its impedan
coating had
of the as-pr
or with diss
described in
withZy . The
ç = d/8 to ç =
was not con
effect on th
ln other wo
the overall 
1 Hz - 65 kH
The overall 
series comb
electrolyte 
z = d 
(1 + j
{ 
+ -
R
The first te
layer, is pro
ity becomes
The second 
impedance 
the impeda
metal/coati
equal to Pc-
3.4. Compa
Eq. (4) 
0.1Hz<f<6
adjustable 
curves are 
agreement 
profiles calc
eters À and 
defined as 
NaCI solutio
For incre
showed: 
(i) a mark
orders 
ple,
(ii) progres
one thi
zero af
(iii) stabiliz
times l assumed to consist of two layers. An inner layer with 
, located next to the metal/coating interface, had p and 
ent of the position, and was modelled with a parai­
mbination. lts resistivity was identical to that of the 
ared coating (Pc), because it was not yet affected by 
 of ions, in addition to water. An outer layer had a 
rofile, caused by inhomogeneous penetration of the 
 solution, progressively stronger for ç approaching 1. 
in this outer layer, an exponential p - ç dependence, 
ce was represented by a Young impedance. The whole 
 a uniform permittivity ew. no longer identical to that 
epared coating due to water penetration ( either pure 
olved ions). The model presented here differs from that 
 [1 ) for the presence of a resistance (Rpore) in parallel
 resistance Rpore accounts for the pores extending from 
 1, i.e. crossing the entire outer layer. Such a resistance 
sidered in [1) because its inclusion in the model had no 
e best-fitted parameters obtained with the CC samples. 
rds, even if included, Rpore was too large to influence
impedance and could not be determined, at least in the 
z range considered in [1) (0.1 Hz in the present work). 
impedance of the circuit shown in Fig. 7 is given by the 
ination of the impedances of the two layers and the 
resistance Re. i.e. 
Pc 
<ù8w8oPc) 
1 À 1 + j<ù8w8oPoe-<8-d)/À 
-1 }-1
- - ---ln +Re
pore [j<ùeweo ( 1 + j<ù8w8oPo ) ] 
rm of the right band side, corresponding to the inner 
portional to d and therefore vanishes when the resistiv­
 position dependent across the whole coating thickness. 
term accounts for the parallel combination of the Young 
and Rpore• Once d becomes zero, this term represents
nce of the entire coating. The coating resistivity at the 
ng interface is denoted by p0, which may or may not be 
rison between NCC and CC
was regressed to experimental data recorded in the 
5kHz frequency range, using À, ew, Rpore and d as 
parameters relevant to the coatings. The best-fitted 
shown in Fig. 6 as dotted lines, demonstrating good 
between data and model. Fig. 8 compares the p - ç 
ulated according to Eq. ( 4) using the best fitted param­
d, the resistivity Pc of the as-prepared coatings, and p8, 
the resistivity of the coating at the interface with the 
n, given by: 
(5) 
asing immersion times, the p- ç profiles of the NCC 
ed decrease of p8, which, already after 10 h, was five
of magnitude lower than for the dry, as-prepared sam­
(4) sive disappearance of the inner layer, reduced to about
rd of the coating thickness after 10 h, and to virtually
ter 1 week, and
ation of the properties of the coating for immersion
onger than 1 week.
10" 
1013 
Drycoating • (a
1012 
1011 
E 
1 1 
10'0 -1 15 u
C: 109 
1 :g 
:E 1 :� 108 1 a. 1 -NCC-10h 
107 -NCC-1day 
106 --.Nec-1 week 
....._. NCC - 1 month 
105 
0.0 0.2 0.4 0.6 0.8 1.0 
ç / dimensionless 
1014 
10 13 
Dry coating ,(b) 
1012 
1011 
E 
1 
u 10
10 tijl 15 
âl 1 1'5 
C: 109 :::E1 :� .._ 108 a. 
-cc-,oh 
1 
107 -.-cc-1 day 
106 ---cc -1 week 
105 
-+- CC -1 month 
0.0 0.2 0.4 0.6 0.8 1.0 
Fig. 8. Resis
ysis as a func
For CC,
in (1) eve
the presen
domain an
the imped
obtained fo
out includ
range. 
The P-
ticularly fo
the metal 
lower than
impedanc
dry condi
which sho
be conclu
throughou
mates cou
the develo
observed 
neous upt
[1.4), the p
scales, in a
etrated fas
than resist
exclusivel
Fig. 9 s
Young im
for NCC an
both coati
initially a 
Fig. 9a cro
was almos
1011 
(a) 
10'0 N D- ·1:1 
E 0--0:8�---.
u 
C: .._ 109 1:1 .... - 1:1. ·o--o••·O 
0 
;J- 0. 108 ·a. 0 · D 
· -0 · NCC 
. -a . cc
107 
1 10 100 1000 
Immersion time / h 
1011 ., 
(b) 
N 
1010 
E u C·l:ll:IQJQ:m. ·l:l·ct · ·0· ·1:1·0 ·0 
C: 109 .._ 
e 0· ·0-000:::X:0::0 · · · · · · ·O· ·O· · ·O 
&. 
0:: 
108 
· -o · NCC 
· -0 - CC 
107 
1 10 100 1000 
Immersion time / h 
Comp
) R,_ 
he o
ates
. 9b
e bo
 1 m
109 Q
ts, Sr
ariso
[5,6).
(6) s
xpos
ating
oatin
ased
ity th
 Thus
tribu
 pre
g. 10
 imm
own
g imp
ratio
o thr
Rpo= -
e Rpo
is conç / dimensionless 
tivity profiles through the coatings inferred from the impedance anal­
tion of immersion rime in 05 M NaCI solution: (a) NCC and (b) cc. 
 the resistivity profiles were very close to those presented 
n though the analysed frequency domain was larger in 
t work. This result shows that the increased frequency 
d the introduction of Rpore in the model did not affect 
ance analysis significantly. ln contrast, impedance data 
r the NCC could not be satisfactorily reproduced with­
ing Rpore in the mode(, whatever the analysed frequency 
ç profiles show lower p8 values for CC than for NCC, par­
r immersion times longer than one week. Moreover, at 
coating/interface the CC resistivity value Po was ten times 
 that of the dry coating (Pc ). By taking into account the 
e result obtained for aged CC sample, measured under 
tions (Fig. 2) and the chemical analysis of the solution 
wed the progressive release of chromates (Fig. 4), it can 
ded that SrCr04 leaching affected the resistivity profile 
t the whole coating thickness. The dissolution of chro­
ld also decrease the coating resistivity. For bath coatings, 
pment of a resistivity profile, more marked than that 
with the dry coating was attributed to an inhomoge­
ake of the electrolyte [ t ). More particularly, as reported in 
enetration of water and ions occurred on different time 
greement with previous studies (23-27). The water pen­
t into the coating and affected permittivity more strongly 
ivity. Na+ and c1- ions diffused more slowly and affected 
y resistivity [ 1 ). 
hows the dependence of the zero-frequency li mit of the 
pedance, Zv(O), (a) and of Rpore (b) on immersion time, 
Fig. 9. 
and (b
CC. T
chrom
Fig
for th
(after
2.5 x 
resul
comp
ings 
et al. 
tem e
of co
dry c
decre
polar
(5,6).
be at
in the
Fi
at an
are sh
Youn
penet
due t
Ppore
wher
ness d CC. As the immersion progressed, Zy(O) decreased for 
ngs, but the decrease rate was higher for CC (which had 
higher Zy(O) value) than for NCC. Thus, the two plots in 
ssed each other. At the end of the immersion test, Zv(O) 
t an order of magnitude higher for the NCC than for the 
black solid
[ 
t 
P= -+
py arison of: (a) the zero-frequency li mit of the Young impedance (Zv(O)) 
as a function of immersion time for NCC and CC. 
bserved difference is mainly ascribed to the release of
.
 shows that Rpore values were quasi-independent of time 
th coatings, and markedly lower for NCC than for CC 
onth immersion, Rpore values were 4 x 108 Q cm2 and 
 cm2 for NCC and CC, respectively). According to these 
Cr04 enhanced the barrier properties of the coating, in 
n with neutral fillers, in agreement with previous find­
 Studying the impedance of free-standing films, Le Pen 
howed that the barrier properties of a chromated sys­
ed to a 0.5 M NaCl solution remained higher than those 
s without chromates. As previously discussed for the 
gs, chromates caused hardening of the coating, i.e. they 
 the molecular mobility of the binder, thanks to their high 
at enhanced the interactions with the polymer chains 
, the higher values of Rpore for CC compared to NCC can 
ted to an enhancement of the texturation of the coating 
sence of chromated ions. 
 compares the p - ç profiles calculated for NCC and CC, 
ersion time of 1 week. For each coating, three curves 
. The squares represent the resistivity associated to the 
edance (py) i.e. the resistivity due to the inhomogeneous 
n of water and salts. The circles represent the resistivity 
ough pores (Ppore ). obtained from Rpore according to: 
re 
8
- (6) 
re refers to the unit surface and the whole coating thick­
sidered because, after 1 week, d was reduced to o. The 
 line represents the total resistivity, given by: 
1 J-
1 
--
/>pore 
(7)
10 14 
10 13 
10•2 
E 10
11 
0 
1010 
Cl - 109 a. 
108 
107 
106 
105 
10 14 
1013 
1012 
10 11 E 
0 1010 
Cl 
109 -
108 
107 
106 
105 
1 1(a) , .. 
1 •• ••
000000000000000000� 
-1 
i1 
:E 1 
1 
1 • Pv• NCC 
1 
0 p
.,..
-NCC
1-p-NCC 
0.0 
1 
-1 
i
::l:1 
• 
0.2 0.4 0.6 0.8 
ç / dimensionless
Pv·CC 
P..,.-cc 
1 -p-CC 
0.0 0.2 0.4 0.6 0.8 
ç / dimensionless 
1 
15 
1 's 
10 
1 (1) 
1.0 
i(b)
1 
1 
15 
1 's
10 
1 (1) 
1 
1.0 
Fig. 10. Dependence of the coatings resistivity on the dimensionless position a long 
the cœting thi
ln each part, th
resulting total 
For NCC
other. The r
extending f
outer part o
resistivity p
(Fig. 1 Ob). p
ness and be
metal/coati
close to eac
Ppore had lit
the resistivi
The p-
Fig. 11 whe
sion, those 
NCC curves
in the inner
that of the 
thicker, con
Taken to
decomposit
butions tha
Fig. 6 shows
and 1 week
of a model t
similar syst
coatings in
NCC mainta
whereas, CC
validate the
and, conseq
E 
0 
Cl -
o. 
1014 
1013 
1012 
1011 
1010 
109 
108 
107 
106 
105 
1ij 1 
œl 
::l: 1 
1 
0.0 
--cc-1week 
_._ CC -1 month 
-- NCC - 1 week 
-- NCC -1 month 
0.2 0.4 0.6 0.8 
ç / dimensionless
1 
1 
1 
,c 
.Q 
•s
10 
1 (1) 
1 
1.0 
Fig. 11. Dependenœ of the NCC and CC total resistivity on the dimensionless posi­
tion along the coating thickness, for two immersion times in 0.5 M NaCl solution 
indicated on the figure. 
N 
E 
Cl -
1011 
1010 
109 
108 
.... 0--0:�, ..
· -0 · NCC
. ·• . cc
·■.· •.
·::o- ·O··O ..
·■ .•.•
107 �--��---��--���� 
1 10 100 1000 
Depen
rsion
 12 p
ncy l
ing t
 are c
 diffe
mers
e va
(Fig. 
ances
nces
lly, 
g of
ting
e to
opert
te w
clus
 ana
mat
rent
al me
ared
e "power-law model" (2) applied. The same model was suit­ckness, for NCC( a) and CC (b) alter a week immersion in 0.5 M NaO. 
e contributions of Young impedance and Rpo,. are compared with the 
resistivity profile. 
 (Fig. 10a), the py - ç and Ppore - ç profiles cross each 
esulting p- ç profile is close to Ppore - ç in an inner layer 
rom ç -o to ç-0.25,and close to py - ç in the remaining 
f the coating. At the metal/coating interface, the total 
rofile was controlled by the presence of Rpore• For CC 
y is smaller than Ppore through the entire coating thick­
comes comparable to it only in close proximity of the 
ng interface. Therefore, the py - ç and p- ç profiles are 
h other. Comparison of the plots in Fig. 10 shows that 
tle effect on the CC resistivity, but significantly affected 
ty profile of the NCC. 
ç profiles of both coatings are directly compared in 
re, in addition to the curves relevant to 1 week immer­
obtained for 1 month immersion are shown (the two 
 overlap ). The NCC resistivity is lower than that of the CC 
, more resistive part of the coating, and is higher than 
CC in the remaining, less resistive part which, though 
tributes to the overall impedance to a lesser extent. 
gether, Figs. 9-11 show that data analysis leads to a 
ion of the overall impedance of NCC and CC into contri­
t are significantly different for the two coatings. Since 
 comparable experimental plots for NCC and CC at 10 h 
 immersion times, doubts might arise on the reliability 
hat produces different descriptions for experimentally 
ems. However, the experiments carried out on aged 
 the AA2024/coating/Hg configuration did show that 
Fig. 12. 
on imme
Fig.
freque
accord
curves
icantly
For im
with th
range 
imped
( resista
Fina
leachin
the coa
high du
rier pr
substra
4. Con
The
unchro
of diffe
classic
as-prep
that thined its properties after prolonged exposure (Fig. 1 ); 
 became significantly less resistive( Fig. 2 ). These results 
 variation ofly(O) vs. immersion time shown in Fig. 9a 
uently, the p- ç profiles calculated therefrom. 
able also fo
loaded with
that of a CP
assuming thImmersion time / h 
dence of the zero-frequency li mit of the impedanœ of NCC and CC 
-time in 0.5 M NaCI, calculated according to Eq. (4). 
resents the immersion-time dependence of the zero­
i mit of the impedances (Ztoial) of NCC and CC, calculated
o Eq. (4), with correction of Re. It is seen that the two 
lose to each other, although they correspond to signif­
rent combinations of the Zy and Rpore contributions. 
ion times > 1 week, Zroral values agree perfectly well 
lue of the impedance modulus in the low frequency 
6). Thus, these curves underscore that similar global 
 may arise from combinations of different elements 
, impedances ). 
it is interesting to point out that for CC, even if the 
 chromates induced changes in the microstructure of 
 (resistivity decrease), the barrier properties remained 
 structuring effect of these species. Forthe NCC, the bar­
ies were also high, and, after 1-month immersion, the 
as not corroded. 
ions
lysis of the impedance behaviour of chromated and 
ed water-borne coatings for AA2024 required the use 
 models for results obtained in the dry state or in the 
tal/coating/electrolyte configuration. The impedanceof 
 dry coatings was sufficiently close to a CPE behaviour r aged Cr(VI)-free coatings, but not for aged samples 
 SrCr04, since their impedance markedly differed from
E. Modelling the impedance of wet coatings required 
e existence of two layers: (i) next to the metal, an inner 
l
n
w
p
i
t
o
y
w
f
t
1
w
t
A
(
m
d
S
l
F
R
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
electrochemical impedance spectroscopy, Prog. Org. Coat. 46 (2003) 273–279.
[26] Q. Zhou, Y. Wang, Comparison of clear coating degradation in NaCl solution
and pure water, Prog. Org. Coat. 76 (2013) 1674–1682.
[27] Y. Dong, Q. Zhou, Relationship between ion transport and the failureayerwith homogeneous resistivity, the thickness ofwhich became
egligible when exposure was prolonged, and (ii) an outer layer
ith an exponential resistivity proﬁle, caused by inhomogeneous
enetration of the NaCl solution. A parallel combination of a Young
mpedance and a resistance of through pores (Rpore) accounted for
he impedance of the outer layer. Although the overall impedances
f NCC and CC coatings were rather close to each other, data anal-
sis showed that they resulted from different contributions. Rpore
as almost independent of immersion time and ca. 10 times larger
or CC than for NCC. The Young impedance was initially larger but
hen decreased at a higher rate for CC than for NCC, to become ca.
0 times lower after one month. The observed behaviour for CC
as ascribed to the leaching of SrCrO4, which was conﬁrmed by
he chemical analysis of the solution.
cknowledgments
The authors gratefully acknowledge the company MAPAERO
Pamiers, France) for the preparation of the coated samples and
ore particularly Pauline Côte and Pierre-Jean Lathière for fruitful
iscussion on coating technologies. The PhD thesis of Nguyen Anh
on was prepared in the framework of the associated international
aboratory “Functional Composite Materials (FOCOMAT)” between
rance and Vietnam.
eferences
[1] A.S. Nguyen, M. Musiani, M.E. Orazem, N. Pébère, B. Tribollet, V. Vivier, EIS
analysis of the distributed resistivity of coatings in dry and wet conditions,
Electrochim. Acta 179 (2015) 452–459.
[2] B. Hirschorn, M.E. Orazem, B. Tribollet, V. Vivier, I. Frateur, M. Musiani,
Constant-phase-element behavior caused by resistivity distributions in ﬁlms:
1. Theory, J. Electrochem. Soc. 157 (2010) C452–C457.
[3] S. Amand, M. Musiani, M.E. Orazem, N. Pébère, B. Tribollet, V. Vivier,
Constant-phase-element behavior caused by inhomogeneous water uptake in
anti-corrosion coatings, Electrochim. Acta 87 (2013) 693–700.
[4] M. Musiani, M.E. Orazem, N. Pébère, B. Tribollet, V. Vivier, Determination of
resistivity proﬁles in anti-corrosion coatings from constant-phase-element
parameters, Prog. Org. Coat. 77 (2014) 2076–2083.
[5] C. Corﬁas, N. Pébère, C. Lacabanne, Characterization of a thin protective
coating on galvanized steel by electrochemical impedance spectroscopy and a
thermostimulated current method, Corros. Sci. 4 (1999) 1539–1555.
[6] C. Le Pen, C. Lacabanne, N. Pébère, Structure of waterborne coatings by
electrochemical impedance spectroscopy and a thermostimulated current
method: inﬂuence of the polymer ﬁllers, Prog. Org. Coat. 39 (2000) 167–175.
[7] T. Proseck, D. Thierry, A model for the release of chromate from organic
coatings, Prog. Org. Coat. 49 (2004) 209–217.
[8] E. Akiyama, A.J. Markworth, J.K. McCoy, G.S. Frankel, L. Xia, R.L. McCreery,
Storage and release of soluble hexavalent chromium from chromate
conversion coatings on Al Alloys. Kinetics of release, J. Electrochem. Soc. 150
(2003) B83–B91.[9] F.H. Scholes, S.A. Furman, A.E. Hughes, T. Nikpour, N. Wright, P.R. Curtis, C.M.
Macrae, S. Intem, A.J. Hill, Chromate leaching from inhibited primers—part I.
Characterisation of leaching, Prog. Org. Coat. 56 (2006) 23–32.
10] S.A. Furman, F.H. Scholes, A.E. Hughes, D. Lau, Chromate leaching from
inhibited primers—part II. Modelling of leaching, Prog. Org. Coat. 56 (2006)
33–38.
11] S. Sellaiyan, A.E. Hughes, S.V. Smith, A. Uedono, J. Sullivan, S. Buckman,
Leaching properties of chromate-containing epoxy ﬁlms using radiotracers,
PALS and SEM, Prog. Org. Coat. 77 (2014) 257–267.
12] A.E. Hughes, A. Trinchi, F.F. Chen, Y.S. Yang, I.S. Cole, S. Sellaiyan, J. Carr, P.D.
Lee, G.C. Thompson, T.Q. Xiao, The application of multiscale quasi 4D CT to the
study of SrCrO4 distributions and the development of porous networks in
epoxy-based primer coatings, Prog. Org. Coat. 77 (2014) 1946–1956.
13] R. Oltra, F. Peltier, Inﬂuence of mass transport on the competition between
corrosion and passivation by inhibitor release after coating breakdown, Prog.
Org. Coat. 92 (2016) 44–53.
14] M.W. Kendig, A.J. Davenport, H.S. Isaacs, The mechanism of corrosion
inhibition by chromate conversion coatings from X-ray absorption and near
edge spectroscopy (XANES), Corros. Sci. 34 (1993) 41–49.
15] J.D. Ramsey, R.L. McCreery, In situ Raman microscopy of chromate effects on
corrosion pits in aluminum alloy, J. Electrochem. Soc. 146 (1999) 4076–4081.
16] M. Kendig, S. Jeanjaquet, R. Addison, J. Waldrop, Role of hexavalent chromium
in the inhibition of corrosion of aluminum alloys, Surf. Coat. Technol. 140
(2001) 58–66.
17] A. Kolics, A.S. Besing, A. Wieckowski, Interaction of chromate ions with
surface intermetallics on aluminum alloy 2024-T3 in NaCl solutions, J.
Electrochem. Soc. 148 (2001) B322–B331.
18] J.D. Ramsey, L. Xia, M.W. Kendig, R.L. McCreery, Raman spectroscopic analysis
of the speciation of dilute chromate solutions, Corros. Sci. 43 (2001)
1557–1572.
19] M.W. Kendig, R.G. Buccheit, Corrosion inhibition of aluminum and aluminum
alloys by soluble chromates, chromate coatings and chromate-free coatings,
Corrosion 59 (2003) 379–400.
20] J.D. Ramsey, R.L. McCreery, Raman microscopy of chromate interactions with
corroding aluminium alloy 2024-T3, Corros. Sci. 46 (2004) 1729–1739.
21] S.A. Furman, F.H. Scholes, A.E. Hughes, D.N. Jamieson, C.M. Macrae, A.M.
Glenn, Corrosion in artiﬁcial defects. II. Chromate reactions, Corros. Sci. 48
(2006) 1827–1847.
22] A. Trueman, S. Knight, J. Colwell, T. Hashimoto, J. Carr, P. Skeldon, G.
Thompson, 3-D tomography by automated in situ block face ultramicrotome
imaging using an FEG-sEM to study complex corrosion protective paint
coatings, Corros. Sci. 75 (2013) 376–385.
23] V.B. Misˇkovic´-Stankovic´, D.M. Drazˇic´, M.J. Teodorovic´, Electrolyte penetration
through epoxy coatings electrodeposited on steel, Corros. Sci. 37 (1995)
241–252.
24] V.B. Misˇkovic´-Stankovic´, D.M. Drazˇic´, Z. Kacˇarevic´-Popovic´, The sorption
characteristics of epoxy coatings electrodeposited on steel during exposure to
different corrosive agents, Corros. Sci. 38 (1996) 1513–1523.
25] J.M. Hu, J.Q. Zhang, C.N. Cao, Determination of water uptake and diffusion of
Cl−ion in epoxy primer on aluminum alloys in NaCl solution bybehaviour of epoxy resin coatings, Corros. Sci 78 (2014) 22–28.
